Objective This retrospective study aims to evaluate the diagnostic capacity of thallium-201 (201Tl) scintigraphy for differentiating malignant bone tumors from benign bone lesions. Methods Between January 2006 and December 2012, 279 patients with bone lesions (51 malignant and 228 benign) underwent 201Tl scintigraphy before treatment. To evaluate 201Tl uptake, we investigated tumor-to-background contrast (TBC) as well as TBC washout rate (WR). The differences of TBC on early and delayed images and WR were estimated by the Mann-Whitney U test. Receiver operating characteristic (ROC) analyses were used to determine the cut-off TBC values for differentiating malignant bone tumors from benign bone lesions. Results There were statistically significant differences in median TBC between malignant tumors and benign lesions. These differences occurred for early imaging (1.57 vs. 0.09, p \ 0.001) as well as for delayed imaging (0.83 vs. 0.07, p \ 0.001). However, there was no statistical difference in WR between malignant tumors and benign lesions (44 vs. 43 %, NS). The chosen TBC cut-off value was 0.68 for early imaging and 0.38 for delayed imaging. Using these cut-off values, the prediction of malignancy had a 77 % sensitivity, 74 % specificity, and 75 % accuracy for early imaging and an 80 % sensitivity, 76 % specificity, and 77 % accuracy for delayed imaging. Conclusions 201Tl scintigraphy may have the ability to distinguish malignant bone tumors from benign bone lesions.
Introduction
Bone tumors consist of a large number of histological types and origins. Bone tumors are categorized as (1) benign, (2) locally aggressive or rarely metastasizing, (3) malignant on the basis of the Third Edition of the WHO Classification of tumors of soft tissue and bone [1] . Morphologic tumor images are provided by radiography, computed tomography (CT), and magnetic resonance imaging (MRI). These modalities are the clinical diagnostic imaging tools for detecting bone tumors. The recognition and diagnosis of malignancy are not very difficult with the typical findings from history, physical examination, and radiological imaging. On the other hand, it is not easy to diagnose a bone tumor with atypical findings.
Nuclear medicine images offer specific biological and metabolic information but still using a non-invasive approach. Thallium-201 (201Tl) scintigraphy has traditionally been used for measurement of myocardial perfusion. However, in clinical oncology, this radionuclide has an affinity for a variety of neoplasms and 201Tl scintigraphy has been used since the 1980s as a functional imaging tool for various tumors [2] . There has been growing interest in using 201Tl scintigraphy for management of bone and soft tissue tumors since the early 1990s [3] . Several studies have reported 201Tl scintigraphy to be an effective diagnostic tool to differentiate malignant from benign areas of interest [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, there are little published data for 201Tl scintigraphy dealing with only bone lesions [3] and no report has statistically evaluated the diagnostic capacity of 201Tl scintigraphy in a large number of bone lesions. Therefore, we speculated that 201Tl scintigraphy has the potential to be a useful tool to differentiate malignant from benign bone lesions and to be the same for soft tissue areas of interest [9] .
In the present study, we retrospectively reviewed 279 consecutive cases and evaluated whether 201Tl scintigraphy was an indicator of malignancy in bone lesions. We employed a semi-quantitative analyses based on tumor-tobackground contrast (TBC) measured for not only 15-min early imaging but also 2-h delayed imaging, and also on washout rate (WR).
Materials and methods

Study population
This retrospective study included 279 consecutive patients with a primary bone lesion (126 females and 153 males; mean age 34 years; range 4-85 years), who underwent 201Tl scintigraphy without previous chemotherapy and radiotherapy between January 2006 and December 2012. We excluded the patients with bone metastases from another organ to focus on the evaluation of primary bone lesions. All patients underwent histological examinations or were followed up with imaging investigations for more than 12 months. Histological examination identified 51 lesions as malignant and 126 as benign. Another 102 benign lesions were diagnosed as benign by virtue of no change in size on CT or MRI during a 12-month follow-up. This retrospective study was approved by the hospital ethics committee, which waived informed consent from the patients.
201Tl scintigraphy
The scintigraphy with 201Tl was performed per institutional protocol: that is, an intravenous bolus of 74 MBq (2mCi) of 201Tl was administered, and scintigraphic planar images were obtained using a conventional gamma camera system (GCA-7200A/DI, Toshiba, Tokyo, Japan) at 15 min (early imaging) and 2 h (delayed imaging) after the injection. A low-energy, high-resolution, parallel hole collimator was used and images were acquired into a 512 9 512 matrix for 10 min. We used anterior and posterior planar images for the semi-quantitative evaluation.
Image data analysis
Two physicians who were unaware of the histological and imaging follow-up results made the measurements and interpreted all findings by consensus on radiography and 201Tl scintigraphy.
On radiography, we set the criteria of finding to distinguish benign and malignant bone tumors. Those findings were the ill-defined margin, the moth-eaten or permeative bone destruction, the destruction of cortical bone, and the periosteal response like sunburst appearance. When any of the above findings showed, we considered it as a malignant tumor by two physicians' agreement.
On 201Tl scintigraphy, two equally sized regions of interest (ROI) were compared for each image (Fig. 1a-c) . The first ROI was focused on the lesion itself (that is, on the suspected tumor). To serve as the background, a second ROI was placed on the contralateral side or on an area adjacent to the lesion in where the tissue was normal [11] . When 201Tl uptake was not detectable on the image, the ROI was placed on the area corresponding to the suspect area as identified by radiography, CT, or MRI (Fig. 2a-c) . We calculated tumorto-background contrast (TBC) using the average counts per pixel in the ROI for the tumor area (T) and that value for the background area (BG). That is, TBC = (T -BG)/BG. Moreover, we calculated WR from the TBC value at the early Imaging time (TE) and that at the delayed imaging time (TD) as follows: WR = {(TE -TD)/TE} 9 100.
Statistical analysis
Differences in the TBC between early and delayed imaging and WR were analyzed with the Mann-Whitney's U test. Receiver operating characteristic (ROC) analyses were used to determine the TBC value that would maximize the sensitivity and specificity of tumor detection. ROC curves plotted true-positive rate (sensitivity) versus false-positive rate (1-specificity). All analyses were performed with the IBM SPSS Statistics 22 for Windows software package (IBM Corp., Armonk, NY, USA). Probability values \0.05 were considered statistically significant.
Results
There were 51 malignant bone tumors and 228 benign bone lesions (Tables 1, 2) . Of all bone lesions, 181 were located in the lower extremity, 58 in the upper extremity, and 40 in the trunk. TBC was obtained for all malignant tumors and benign lesions for both early and delayed imaging.
Median TBC of all benign lesions was 0.09 (interquartile range 0.03-0.71) on early imaging and 0.07 (interquartile range 0.02-0.36) on delayed imaging. Median TBC of all malignant tumors was 1.57 (interquartile range 0.68-3.12) on early imaging and 0.83 (interquartile range 0.39-1.65) on delayed imaging. Median TBC of malignant tumors was significantly higher than that of benign lesions at both early and delayed imaging times (each p \ 0.0001) ( Fig. 3a-b) . In contrast, WR averaged 43 % (interquartile range 18 to 58) for all benign lesions and 44 % (interquartile range 32-52) for all malignant tumors, so that there was no statistical difference ( Fig. 3c) . Furthermore, the cut-off value for TBC with early imaging was 0.68 for the highest accuracy (75 %) for detecting malignant bone tumors, yielding a sensitivity of 77 % and a specificity of 74 %. For delayed imaging, the cut-off value was 0.38, yielding a sensitivity of 80 %, a specificity of 76 %, and an accuracy of 77 %. The area under the ROC curve (AUC) was almost the same for early and delayed imaging (0.810 ± 0.029 vs. 0.805 ± 0.031) (Fig. 4) .
On the other hand, the sensitivity, specificity, and accuracy of the performance on radiography were 48, 92, and 84 % in differentiating malignant bone tumors from benign bone lesions. False-positive results on radiography were found in 18 benign lesions, which were reduced to 9 falsepositive cases by the cut-off values of 201Tl scintigraphy on early and delayed imaging. False-negative results on radiography were found in 27 malignant tumors, which were reduced to 21 cases on early imaging and to 22 cases on delayed imaging in 201Tl scintigraphy.
On early imaging, false-negative results (TBC of less than 0.68) were found in 12 malignant tumors (9 chondrosarcomas, 1 chordoma, 1 Ewing sarcoma, and 1 osteosarcoma). On delayed imaging, false-negative results (TBC of less than 0.38) were found in 10 malignant tumors (1 chondrosarcoma and 1 chordoma became true positive). On early imaging, false-positive results (TBC of [0.68) were found for 58 benign lesions [20 giant cell tumors, 7 osteofibrous dysplasias, 6 non-ossifying fibromas, 6 chondroblastomas, 2 aneurysmal bone cysts, 2 fibrous dysplasias, 2 simple bone cysts, 2 histiocytosis, 2 enchondromas, 2 osteoid osteomas, 2 others (synovial and fibrous tissues), 2 inflammatory lesions, 1 granulation, 1 Paget disease, and 1 melorheostosis]. On delayed imaging, false-positive results (TBC of [0.38) were found in 54 benign lesions (2 non-ossifying fibromas, 1 cortical defect, and 1 osteofibrous dysplasia became true-negative results).
Discussion
The present study assessed the usefulness of 201Tl scintigraphy and semi-quantitative analysis for patients suspected of having malignant bone tumors. The median TBC of malignant tumors was significantly higher than that for benign lesions on both early and delayed images. The cut-off values of TBC were set with acceptable accuracy for both.
The diagnosis of malignant bone tumors is not always easy with conventional radiologic modalities including radiography, CT, and MRI, those which provide excellent morphologic delineation and localization of bone tumors. Functional nuclear scans reflect the metabolic activity of tumors and may provide important information regarding the biologic behavior. 201Tl scintigraphy has been used in clinical oncology to estimate the presence and biologic activity of tumors including bone and soft tissue tumors, and the utility of 201Tl scintigraphy has been reported to differentiate malignant tumors from benign lesions in bone and soft tissue [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, these previous studies were composed of a relatively small number of bone tumors and most of the studies used only visual analysis [2, 3, 5] . In the present study, we evaluated the diagnostic capacity of 201Tl scintigraphy for a large number of bone lesions and employed semi-quantitative analysis.
The first major finding of our study was that median TBC of 201Tl scintigraphy was significantly higher in malignant bone tumors than it was in benign bone lesions at both the 15-min early time point and the 2-h delayed time point. On the other hand, there was no statistical difference in WR between malignant tumors and benign bone lesions. The previous study analyzed the diagnostic capacity of 201Tl scintigraphy using semi-quantitative analysis for 12 malignant bone tumors and 14 benign bone lesions [3] . It demonstrated that the count ratio of lesion-tonormal tissue (L/N ratio), which approximately corresponds to TBC in the present study, was significantly higher in malignant tumors than in benign lesions and decreased on delayed imaging mainly due to the increase in surrounding normal muscle uptake. Previous articles suggested the usefulness of WR on 201Tl scintigraphy in various organs. However, in bone and soft tissue tumors, some investigators have showed no statistical significance b Fig. 2 Simple bone cyst in the right proximal femur. Radiography reveals the lesion (arrow, a). Early imaging of 201Tl scintigraphy (b). Delayed imaging of 201Tl scintigraphy (c). Both images show no significant uptake of 201Tl. We obtained the area corresponding to the lesion (asterisks) and the background (double asterisks) by radiography. TBC on early and delayed image is 0.01 and 0.02, respectively of WR in the semi-quantitative analysis of 201Tl scintigraphy [3, 5, 8] . Sugawara et al. [8] described WR was substantially affected by the change of normal muscle uptake rather than the change of tumor uptake. In the present study, no significant difference was found in WR between benign and malignant bone lesions. We considered that no statistical significance of WR might be due to relatively small volume of bone lesion compared with surrounding soft tissue and the change of 201Tl uptake to the surrounding muscle had the bigger impact on WR in both benign and malignant bone lesions. According to the previous reports [2, 4, 7, 11, [14] [15] [16] [17] [18] [19] [20] [21] , 201Tl uptake depends on cell viability and metabolic condition and a high metabolic rate with malignancy was the most important factor determining differences in 201Tl uptake between malignant tumors and benign lesions. Moreover, 201Tl uptake on early imaging is affected by tumor vascularity and cellularity. Those findings suggested that 201Tl uptake would predict the biologic aggressiveness in bone lesions and the semi-quantitative analysis of 201Tl uptake would TBC tumor-to-background contrast, WR washout rate TBC tumor-to-background contrast, WR washout rate be useful tool for differentiating the state of malignancy from benignity in bone lesions on both early and delayed images, and suggested that WR would not be predictor of malignancy in bone lesions. The second important finding of our study was that the cut-off value of TBC can be set with acceptable diagnostic accuracy, that is with an accuracy of 75 % for early imaging and of 77 % for delayed imaging, and that the AUC is nearly the same for both. There had been no study evaluating the diagnostic capacity of 201Tl scintigraphy with the cut-off values and the AUC determined for both early and delayed imaging of bone lesions. Our results showed the diagnostic accuracy and the AUC were similar for early and delayed imaging. However, the number of false negatives and the number of false positives were both smaller for 2-h delayed imaging compared to 15-min early imaging. These findings indicate that 2-h delayed 201Tl imaging may have the potential to decrease the falsenegative and false-positive cases while being equal in accuracy to 15-min early 201Tl imaging for the diagnosis of bone tumors. Therefore, we thought that delayed imaging is also necessary to keep the diagnostic accuracy, as well as early imaging. Besides, these cut-off values in 201Tl scintigraphy reduced false-positive and false-negative results on radiography. Especially, a half of false-positive cases were improved to be true negative. In our study, the sensitivity on radiography showed to be low. We speculated this low sensitivity was due to the difficulty for identification of the bone lesion in the trunk (i.e., vertebrae, rib) on radiography. Our study showed 201Tl scintigraphy further improved the diagnostic power of radiography, especially in the sensitivity.
The third important finding of our study was a predictable trend in false-positive and false-negative results. In false-positive results, all giant cell tumors (GCT), which are considered benign tumor, showed higher 201Tl uptake than the cut-off values on both early and delayed imaging. GCT has been reported to be characteristic by hypercellularity and hypervascularity and these histologic features may contribute to the consistent 201Tl uptake in GCT [2] . On the other hand, most of all chondrosarcoma showed lower uptake than the cut-off values. In the previous report, this behavior has been seemed to be the result of the poor vascularity and less cellular matrix [7] . Thus the characteristics of tumor component, such as the cellularity, vascularity, and intercellular matrix, result in false positive by GCT and false negative by chondrosarcoma.
Positron emission tomography (PET) with 2-[F-18]fluoro-2-deoxy-D-glucose (FDG) is a well-established functional diagnostic oncologic imaging technique that provides information about glucose metabolism in the assessment of lesions. Maximum standardized uptake value (SUV max) has been measured to evaluate FDG uptake. There are several reports about the usefulness of F-18 FDG-PET in bone and soft tissue tumors [22] [23] [24] [25] [26] [27] [28] . However, a considerable overlap in SUV max was observed between benign lesions and malignant tumors. Therefore, the ability of F-18 FDG-PET to distinguish between benign and malignant in evaluating the possibility of bone and soft tissue tumors has been designated as controversial [24] [25] [26] . On the other hand, one previous study reported the sensitivity, specificity, and accuracy of F-18 FDG-PET calculated by ROC curve analyses, which included 47 (27 benign, 20 malignant) bone lesions [28] . The study showed the cut-off value of SUV max was 3.7 for the highest accuracy for detecting malignant bone tumors, yielding a sensitivity of 80 %, a specificity of 63 %, and an accuracy of 70 %. Compared with the 201Tl scintigraphy in the present study, the sensitivity of F-18 FDG-PET was at the same level. The specificity and accuracy of F-18 FDG-PET were lower than that of delayed imaging with 201Tl scintigraphy. However, we could not determine which modality is more useful imaging tool as yet. Further prospective investigation in a large number of patients is necessary to compare with the diagnostic capacity of 201Tl scintigraphy and FDG-PET/CT.
Our study has several limitations. First, it was a retrospective study. Second, we calculated TBC on only planar images. For sites including considerable muscle tissue (i.e., trunk and thigh), uptake in overlying physiological muscle made it difficult to evaluate tumor uptake precisely. Further prospective investigations with both planar imaging and single-photon emission computed tomography would be useful to evaluate the diagnostic capacity of 201Tl scintigraphy to differentiate between malignant tumors and benign bone lesions. Finally, there were not a few falsenegative and false-positive results using only the semiquantitative analysis. Thus, it might be advantageous to carry out an evaluation with multi-modality imaging, using CT, or MRI. On the other hand, this semi-quantitative analysis is composed of a simple measuring procedure on planar images; such an analysis is very amenable to clinical practice. It can potentially increase the diagnostic capacity for bone tumors compared to visual analysis.
In conclusion, median TBC on both early and delayed 201Tl scintigraphy was found to be significantly higher in malignant bone tumors than benign bone lesions. A TBC of at least 0.68 on 15-min early imaging and of at least 0.38 on 2-h delayed imaging was important indicators of malignancy that lead to an acceptable level of accuracy for detecting malignant bone tumors. In summary, 201Tl scintigraphy may be an effective diagnostic modality to differentiate malignant bone tumors from benign bone lesions.
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